We report an abnormal waveguiding phenomenon that the fundamental mode guided in strip waveguides of a special Ti-diffused LiNbO 3 waveguide structure, in which an array of 4-and 6-m-wide strip waveguides is embedded in a planar waveguide, nonperiodically oscillates with the wavelength along the waveguide width direction. The oscillation amplitude reaches $2 m. The oscillation results in a comb-like transmission spectrum at 1.5-m wavelength region. The phenomenon is abnormal as it displays the features of multimode interference (MMI), but the single-mode pattern was captured from the strip waveguide at the 1.5-m wavelength. Further numerical analysis for the waveguiding characteristics shows that the strip waveguide also supports a nearly cutoff higher order mode, in addition to the fundamental mode, allowing to explain the abnormal phenomenon: the MMI may take place in some regions of the strip waveguide and the observed singlemode pattern is because the higher order mode, which takes part in the MMI, is close to the cutoff.
Introduction
The concept of the special LiNbO 3 (LN) waveguide structure that a strip waveguide is embedded in a planar waveguide has been recently introduced. Such a special structure may find its use in developing some functional devices such as long-period waveguide grating (LPWG) and photonic crystal devices [1] - [5] . Ti-diffused LN (Ti:LN) waveguide is a fundamental component of various LNbased active or passive devices. Fully knowing the waveguiding characteristics of the special structure based upon the Ti:LN waveguide is of key importance for the design and fabrication of related devices. In the previous work, some waveguiding characteristics of such special Ti:LN waveguide structure have been studied [6] - [8] . In this paper, we report an abnormal waveguiding phenomenon in the special Ti:LN waveguide structure that an array of strip waveguides is embedded in a planar waveguide. The fundamental transverse-magnetic (TM) mode guided in the strip waveguides nonperiodically oscillates with wavelength along the waveguide width direction. The phenomenon results in a comb-like transmission spectrum. The phenomenon looks like the multimode interference (MMI), but the single-mode pattern was measured from the strip waveguide. On the basis of the numerical results on the waveguiding characteristics, the abnormal phenomenon is associated with the MMI and a nearly cutoff higher order mode, which takes part in the MMI.
Waveguide Fabrication and Characterization
The fabrication of the special Ti:LN waveguide started from a 0.5-mm-thick Z-cut congruent LN substrate with a two-step technological process of Ti diffusion. First, a 90-nm-thick Ti metal film was coated onto one surface of the substrate followed by a diffusion at 1100
C for 30 h in flowing argon bubbled through 20 C water at a rate of 1.5 L/min. Second, a number of Ti strips, with the initial thickness of 100 nm and the initial widths of 4 and 6 m, were photolithographically delineated on the surface followed by a diffusion again at 1060 C for 8 h under the same argon atmosphere. Accordingly, a special waveguide structure of an array of strip waveguides embedded in a planar waveguide is formed. Fig. 1 shows the schematic of the cross section of the special structure of an array of 4-m-wide 200-m-separated strip waveguides (ten in total) embedded in a planar waveguide. For convenience, here we consider an x -y Cartesian reference frame fixed at the center of the strip waveguide surface with the x axis along the width direction and the y axis pointing to the depth. To guarantee the single-mode propagation in the width direction of the strip waveguide, a planar waveguide was introduced to weaken the lateral field confinement to the mode guided in the strip waveguide. In addition, for the LPWG application, the planar waveguide also functions as the cladding for producing the long-period grating effect.
After the fabrication, the two endfaces of the sample were optically polished to facilitate the end-fire coupling. The final length of the waveguides is 1.5 cm. The end-fire experiment was carried out by launching into the strip waveguides the polarized light emitted from a tunable laser with a bandwidth of 1525-1570 nm via endface butt-coupling between a section of polarization-maintaining single-mode fiber (Thorlabs Panda PM 1550-HP with a mode field diameter of 10:5 AE 0:4 m) and one channel waveguide. A polarization controller (Optics for Research, Inc.) was used to control the state of polarization of the light launched into the waveguide. The magnified near-field image of guided TM or transverse-electric (TE) mode was projected onto a LBA-USB-L130-1550 infrared charge-coupled device camera (OPHIR-Spiricon, Inc.) through a 40 Â microscope objective lens. To increase the spatial resolution, a microscope objective lens with a larger numerical aperture of 0.65 was employed. The camera has a spectral response range of 1440-1605 nm and an effective pixel number of 1392 Â 1040 with a pixel pitch 3.2 m in the lateral direction and 4.3 m in the vertical direction. The transmission spectrum of the strip waveguide was measured by butt-coupling out the guided light using a pigtailed fiber and detecting with an optical spectrum analyzer. An erbium-doped fiber amplifier (EDFA) with a bandwidth of 1520-1580 nm was used as the light source.
Results and Discussion
End-fire coupling experiment shows that waveguiding exists in all strip waveguides. Both TM and TE modes are guided. It appears that all waveguides support single-mode propagation. shows the patterns of TE and TM modes guided in the 4-m-wide strip waveguide at the 1545-nm wavelength. As expected, the waveguides confine the TM mode strongly, whereas the TE mode weakly. Analysis shows that the light intensity of both the TE and TM modes guided in the strip waveguides follows a Gauss function A x exp½À2ðx=W x Þ 2 in the width direction x and a HermiteGauss function A y y 2 exp½À2ðy=W y Þ 2 in the depth direction y . The fitting mode sizes W x and W y are 5.8 and 6:0 AE 0:2 m for the TE, and 4.7 and 3:6 AE 0:2 m for the TM mode guided in the 4-mwide strip waveguide.
The propagation loss at the 1.5-m wavelength was evaluated for both TE and TM modes in the 4-m-wide strip waveguide from the reflection loss, measured insertion loss, and coupling loss evaluated from the known mode size. The fiber-to-fiber insertion loss of the 1.5-cm-long 4-m-wide waveguide was measured to be 3.2 dB for the TE mode and 5.9 dB for the TM mode. From the measured mode sizes, the coupling loss between the 4-m-wide waveguide and the polarizationmaintaining single-mode fiber (with a mode field diameter of 10:5 AE 0:4 m) is similar to 2.2 dB for the TE mode and 5.2 dB for the TM mode. With ignored etalon effect, the total reflection loss of the two waveguide endfaces against the two fiber endfaces is $ 0.3 dB for both cases of TM and TE polarizations. The propagation loss is then evaluated as 0.5 and 0.3 dB/cm for the TE and TM mode, respectively.
By utilizing the tunable laser, we are able to capture the near-field mode patterns under different working wavelengths and quantify the wavelength dependence of x coordinate of the center of the TM single mode guided in the strip waveguides of the special waveguide structure. The coordinate is calibrated by the spatial resolution (length per pixel) determined from the captured mode pattern of input single-mode fiber, which has the known mode field diameter of 10:5 AE 0:4 m. Fig. 3 shows the result of the 4-m-wide strip waveguide. As the wavelength is changed, the TM mode oscillates along the waveguide width direction x . Due to the limited bandwidth of 1525-1570 nm of the tunable laser, only one period could be obtained. The oscillation amplitude reaches 1:8 AE 0:3 m, which takes place at the wavelengths of 1536 and 1553 nm. The peak-to-peak interval is $34 nm. Further check shows that the oscillation is not strictly periodic. Aiming at x ¼ AE1:8 AE 0:3 m, we have measured the transmission spectra of the 4-m-wide strip waveguide. It was done by simply aligning the output fiber to x ¼ AEð1:8 AE 0:3Þ m, whereas the input fiber remaining at the position where Fig. 3 was obtained. The results are shown in Fig. 4 . Spectrum A (B) corresponds to the case that the output fiber was positioned at the x coordinate of positive (negative) maximum shift, which takes place at the wavelength 1536 (1553) nm (see Fig. 3 ). One can see that the dip on spectrum A (B) appears at 1553 (1536) nm with an extinction ratio À24 (À24) dB and a 3-dB bandwidth of $20 (18) nm. Again, due to the limitation by the bandwidth of EDFA (1520-1580 nm), only one more period could be measured, and the dips do not show the strict periodicity. The peak-to-peak interval is evaluated to be 34 nm, which agrees well with the result evaluated from Fig. 3 . Next, we try to explain the spectral feature in Fig. 4 . Fig. 3 implies that different excitation wavelengths correspond to different propagation paths. As a result, at a given waveguide output endface, the modes with different wavelengths center at different x positions. In this case that the output fiber was positioned at x ¼ Àð1:8 AE 0:3Þ m, the 1553-nm light is detected, whereas the 1536-nm light is not detected. As a result, a dip at 1536 nm is observed in spectrum B, as shown in Fig. 4 . The feature of spectrum A can be explained in a similar way.
Some additional experiments were done with regard to the observed waveguiding characteristic. The results show that the waveguiding characteristic does not depend on the x coordinate of the input fiber. The phenomenon is observed whether the input fiber was aligned at the optimum position of input-coupling (i.e., x ¼ 0) or not. Similar phenomenon was also observed for the strip waveguides with the 6-m initial Ti-strip width. However, the dip position in the transmission spectrum changes from an initial Ti-strip width to another. On the other hand, the phenomenon could not be observed under the TE polarization. It cannot be observed also for the strip waveguide on the substrate with an array of 200 m-separated strip waveguides without the planar waveguide. In addition, we have also studied the thermal effect of the phenomenon over the temperature range of 20-70 C. The result shows that the phenomenon is temperature independent. Next, we try to discuss the physics behind the phenomenon. First of all, we can exclude several possibilities, such as the coupling between the strip and the planar waveguides (because the light power does not lose from the strip waveguide except for the usual waveguide loss), the coupling among the strip waveguides (because the separation each other is large enough, i.e., 200 m), and the interaction between the TE and TM modes. The observed waveguiding characteristic is very similar to that of MMI, which was observed in a usual multimode Ti:LN strip waveguide [9] , [10] . However, the waveguiding characteristic here appears to take place in a single-mode waveguide. Fig. 4 . Normalized transmission spectra of the 4-m-wide strip waveguide of the special Ti:LN waveguide structure. Spectra A and B were measured by aligning the output fiber to the two x coordinates corresponding to the positive and negative maximum shifts indicated in Fig. 3 .
The phenomenon is thus abnormal. A discussion in comparison with the usual MMI is helpful for understanding the phenomenon. Fig. 5 depicts the evolution along the propagation direction z of TM mode field distribution in the width direction of the usual MMI Ti:LN strip waveguide. W eff and L c denote the effective waveguide width and the wavelength-dependent coupling length between the two lowest order modes in the waveguide, respectively, and L c % 4N eff ðW eff Þ 2 =ð3Þ [9] , where N eff and are the effective refractive index and the wavelength of input beam, respectively. For a given wavelength, the input field profile is reproduced in single-mode or two-mode image at periodic intervals along the propagation direction z. As shown in Fig. 5 , the single-mode image appears at z ¼ 3L c and 2ð3L c Þ, and the two-mode image appears at z ¼ 3L c =2 or 3ð3L c Þ=2. These features of MMI imply that the strip waveguides studied here may be multimode also. Two possible factors may result in the observation of the single-mode pattern.
One possible factor is that the observed single-mode pattern was captured just at z ¼ 3nL c ðn ¼ 1; 2; 3; . . .Þ. We have expended a great effort to make this argument clear. Obviously, it is not easy to do it by alternatively doing the sample cutting and the mode pattern capture. The argument is actually clarified by selecting an adequate working wavelength (1545 nm here) and capturing the mode pattern (see Fig. 2 ). The reason is detailed in the succeeding discussion. If the phenomenon originates from the MMI, the single-mode image should be observed for the 1536-or 1553-nm working wavelength because all of the light propagates and centers at the x coordinate of either positive or negative maximum shift. Away from the two wavelengths, the light propagates at both sides of positive and negative coordinates, and a two-mode pattern is expected. This feature should be most evident for the 1545-nm wavelength because it is the median of 1536 and 1553 nm. As shown in Fig. 2 , the single-mode image was captured. The same result is obtained as the wavelength is detuned from the 1536 or 1553 nm and continuously changed within the available wavelength range of 1525-1570 nm. This is also the case as the position of the input fiber is changed. Thus, we can rule out the factor that the observed single-mode pattern was captured just at z ¼ 3nL c ðn ¼ 1; 2; 3; . . .Þ.
Another possible factor for the observation of the single-mode pattern is that the waveguide supports a nearly cutoff higher order mode. Perhaps, in some regions, the waveguide support a higher order mode, and the MMI takes place there. Because the higher order mode approaches the cutoff, its mode pattern cannot be resolved. It is thus essential to have the information about the cutoff condition of the higher order modes possibly guided in the special structure under study. The information can be obtained by doing a numerical analysis for the waveguiding characteristics. With regard to the special waveguide structure studied here, the 2-D ordinary or extraordinary index profile nðx ; y Þ in the strip waveguide region is assumed as the simple overlap of the profiles of the planar and strip waveguides. Under the Cartesian reference frame given in Fig. 1 , it can be expressed as
where the first term represents the substrate index, the second term denotes the contribution of the planar waveguide, and the third term reflects the contribution of the strip waveguide. Án 1 and Án 2 are the Ti-induced surface index increments corresponding to the homogeneously coated Ti film (90 nm thick here) and the photolithographically patterned Ti strip (100 nm thick here), respectively. W is the initial Ti-strip width. Parameter d x is the width of the strip waveguide, and d y and d 0 y are the depths of the planar and strip waveguides, respectively. Aiming at the waveguide structure fabricated here, we have calculated the mode sizes (W x and W y ) and the effective index N eff of three lowest order TM n0 and TE n0 (n ¼ 0, 1, and 2) modes, which are possibly guided in the strip waveguides, as a function of W from 3 to 16 m using the variational method [8] . The simulation aimed at the 1.53-m wavelength, at which the substrate index is 2.1380 (2.2035) for the extraordinary (ordinary) ray. The other input parameters under the diffusion condition adopted are evaluated according to Refs. [11] - [13] . Fig. 6 shows the numerical results of the mode sizes and effective indexes. First of all, it is essential to compare the numerical results with the experimental data. For the 4-m-wide strip waveguide, the calculated mode sizes W x and W y are 5.9 and 5.9 m for the fundamental TE mode ðTE 00 Þ, and 4. 8 and 3.6 m for the fundamental TM mode ðTM 00 Þ, which are in good agreement with the experimental results, 5.8 and 6:0 AE 0:2 m for the TE 00 mode, and 4.7 and 3:6 AE 0:2 m for the TM 00 mode. The good agreement between theory and experiment implies that the refractive index model proposed for the special structure studied here is close to the practical scenario. Next, we pay attention to the mode cutoff condition. As we know, the criterion for the waveguiding is that the mode index N eff is larger than the substrate index. For the usual planar or strip waveguide, it is easy to determine the mode cutoff condition using this criterion. This is the case for the planar waveguide of the special structure studied here as the substrate index is simply the index of the bulk material n b . For the strip waveguide of this special structure, however, it is not easy to determine the mode cutoff condition because the substrate index is no longer the n b but the sum of the n b and the index increment of the planar waveguide. This means that, for the strip waveguide here, the substrate index varies along the depth direction with a maximum value n b þ Án 1 at the waveguide surface. In this case, the criterion for the waveguiding should be that the mode index N eff is larger than the n b þ Án 1 , which has a value of 2. 1410 (2.2048) for the extraordinary/ordinary ray at the 1.53-m wavelength [Note that, for a waveguide on a Z-cut LN substrate, the TM (TE)-mode concerns the extraordinary (ordinary) index]. Based upon this criterion and the N eff -W plots in Fig. 6 , we can readily judge the cutoff condition of the higher order modes TM n0 and TE n0 possibly guided in the strip waveguides under study. Under the TE polarization, the strip waveguide only supports the fundamental mode TE 00 and all of the higher order modes are cutoff even if the waveguide has an initial Ti-strip width as wide as 16 m. It is thus reasonable that the MMI phenomenon is not observed under the TE polarization. Under the TM polarization, however, the strip waveguide even with an initial Ti-strip width as narrow as 3 m also supports the second-order mode TM 10 , aside the fundamental mode TM 00 . Just as guessed above, while the fundamental mode TM 00 being well guided, the TM 10 mode is close to the cutoff region for W G 6 m. It is thus comprehensive that the MMI features are observed under the TM polarization, and while the TM 00 mode pattern being well resolved, the TM 10 mode pattern cannot be resolved.
Conclusion
We have demonstrated an abnormal waveguiding characteristic in single-mode Ti:LN strip waveguides embedded in a Ti:LN planar waveguide. It is found that the TM mode guided in the strip waveguides nonperiodically oscillates with the wavelength along the waveguide width direction. Different excitation wavelengths correspond to different propagation paths. As a result, at a given waveguide output endface, the modes with different wavelengths center at different x positions, and a comb-like transmission spectrum is obtained. The phenomenon is abnormal as it displays the MMI features, but the single-mode image was captured from the strip waveguide. Further numerical analysis for the waveguiding characteristics shows that the strip waveguide also supports a nearly cutoff higher order mode, aside the fundamental mode. This result allows to explain the abnormal observation. In some regions of the strip waveguide, the MMI may take place. In other words, the abnormal phenomenon may result from the MMI. The observed single-mode image is because the higher order mode, which takes part in the MMI, is close to the cutoff.
